Tolerizing mice polygenically predisposed to lupus-like disease (NZB/NZW F1 females) with a peptide mimicking anti-DNA IgG sequences containing MHC class I and class II T cell determinants (pConsensus, pCons) results in protection from full-blown disease attributable in part to the induction of CD4 þ CD25 þ Foxp3 þ and CD8 þ Foxp3 þ regulatory T cells. We compared 45 000 murine genes in total white blood cells (WBC), CD4
Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease associated with the hyperactivation of helper T cells and B cells and subsequent increases in the production of autoantibodies (including anti-DNA IgG), which can form immune complexes that cause organ damage. [1] [2] [3] [4] [5] [6] [7] Studies on human autoimmune diseases including SLE have reported amelioration of inflammatory responses and increases in CD4 þ CD25 þ Treg cells following treatment with self-antigen-derived peptides. [8] [9] [10] [11] [12] [13] [14] [15] [16] Similarly, self-antigen-derived peptides have also been used to induce immune tolerance and ameliorate disease in murine lupus models. 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] Our group has developed a novel peptide pConsensus (pCons) that is based on MHC Class I and Class II T-cell determinants in the heavy chain region of murine anti-DNA IgG. 26 Intravenous administration of the peptide in BWF1 mice has been shown to reduce anti-DNA antibodies, reduce CD4 þ Th secreted Interferon-g, and prolong survival through a mechanism at least partially dependent on the generation of CD4
Tregs) and CD8 þ T inhibitory cells (CD8 þ Ti). 6, 7, 26, 27 These CD4 þ Tregs and CD8 þ Ti have been shown to inhibit autoimmunity through CD4 þ Treg-mediated cell-cell contact (dependent on Foxp3, cell surface GITR, and membrane bound TGFb) and CD8
þ Treg secretion of TGFb. [28] [29] [30] [31] In an attempt to understand the mechanisms by which pCons mediates immune tolerance, we employed microarray technology to examine differences in gene expression profiles between naive BWF1 mice and BWF1 mice treated with pCons. Recently, microarray analyses has been used by other investigators to study differential gene expression patterns in SLE patients as compared with healthy controls. [32] [33] [34] [35] [36] [37] In this study, we investigated differential gene expression in the splenic cells of pConstolerized BWF1 mice to cells from unmanipulated BWF1 mice to better understand the molecular mechanisms of suppression/tolerance. We investigated genes that are differentially expressed after pCons treatment in BWF1 mice in splenic white blood cells (WBC), CD4
þ T cells and CD8
þ T cells. We identified a subset of differentially expressed genes in WBC, CD4 þ T cells and CD8 þ T cells from tolerized mice 1 week after a single dose of pCons-at which time tolerance (that is, suppression of anti-DNA synthesis by CD8
þ Treg or CD4 þ CD25 þ Treg) is well established. 6, 7, 24, 25 We examine here the differential expression of several immune response, defense response, signal transduction and apoptosis genes. We assessed the reproducibility of CD8 þ T cells arrays and validated the gene expression patterns of some selected genes in WBC and CD8 þ T cells using real-time PCR. As the CD8 þ Treg induced in this tolerance system depend on the secretion of TGF-b for their suppressive effects, we determined Smads expression in tolerized CD4 þ and CD8 þ T cells. With siRNA gene silencing, we for the first time showed that silencing of one gene, B-cell leukemia/lymphoma 2 (Bcl2), in CD8 þ T cells from tolerized mice did not affect the expression of the other selected genes. Furthermore, we showed that silencing of interferon genes (interferonactivated gene 202b (IFI202b) and interferon (a and b) receptor 1 (IFNar1) combination) has no effect on programmed death 1 (PD1), forkhead box P3 (Foxp3) and bcl2 gene expression. Finally, we showed that silencing of critical molecule Foxp3 also suppressed expression of Ifi202b and PD1-both of which are molecules that contribute to the suppressive capacity of CD8
þ Treg in this model.
Results

Differential gene expression in splenic WBC from naive vs pCons-treated mice
To examine the profile of differentially expressed genes induced by pCons treatment, total RNA was isolated from WBC, CD4 þ T cells and CD8 þ T cells of pConstreated and naive untreated mice splenocytes. Subsequent analysis and comparison identified 448 genes in WBC, 174 genes in CD4 þ T cells and 60 genes in CD8 þ T cells that were differentially expressed after pCons treatment ( Figure 1a ). As expected, larger numbers of genes were differentially upregulated in WBC than in isolated CD4 or CD8 subsets (Figure 1b) , suggesting that pCons tolerance has a significant effect on several peripheral blood cell subsets.
Gene and condition cluster with all changed genes in WBC Gene and condition clustering indicate that pCons treatment induces significant upregulation of many genes (Figures 1a and b) . The Venn diagram of all changed gene expressions shows that some gene expression is changed in more than one cell type (Figure 1b) . However, except for the sharing of 21 (5%) of the differentially expressed genes between total WBC and CD8 þ T cells, there is remarkably little sharing of similarities between the three cell subsets. White blood cells (WBC) from tolerized mice showed upregulation of more than 48 genes (Table 1a) having roles in transcriptional regulation (Tal1, 5-fold, E2f8, 6.5-fold), signal transduction (Tetraspanin-8 (Tm4sf3), 19.7-fold; G protein-signaling modulator 2; 14.9-fold; Discoidin domain receptor family, member 1, 8-fold), cell division (S17 protein (Spag 5), 26-fold; 6720463M24Rik (9.2-fold)), DNA-protein binding (Ribonucleotide reductase M2, 5-fold; Tal1, 5-fold; Synuclein a (Snca), 5-fold; BC004690, 8-fold; Klf1, 5.7-fold) and coding for integral membrane proteins (Apol2, 4.6-fold; Tetraspanin 33 (1300010 A20Rik), 4.6-fold). There were 11 downregulated genes showing more than two-fold changes in expression þ T cells and CD8 þ T cells from naive BWF1 mice (1st, 3rd and 5th horizontal row) to splenic WBC, CD4 þ CD8 þ T cells from BWF1 mice treated 1 week earlier with pCons (2nd, 4th and 6th horizontal row). Cells were pooled from spleens of 4-5 mice in tolerized vs naive groups. Note the increased expression of multiple genes in the cells from tolerized mice. (b) Venn diagram of all differentially expressed genes together in various cell types. Overlap of differentially regulated gene expression in different cell types is relatively small, although for a small number of genes, expression is changed in more than one cell type. (c) Gene ontology (amiGO) and pathways graphs were generated using Gene Sifter Net Software (Seattle, WA, USA), Gene and condition clustering and Venn Diagram graphs were generated by Gene Spring 6.0 software. (Table 1b) . Notable decreases in expression were seen in genes coding for rRNA processing (WD repeat domain 3, 42-fold), transaminase activity/lipid metabolism (glutamic pyruvate transaminase, 9-fold), signal transduction (platelet-activating factor receptor, 9-fold) and proteolysis (Elastase 3B, 5-fold). Functional analysis of differentially expressed genes in total WBC revealed three major categories: (1) apoptotic genes, (2) signal transduction genes and (3) immune response genes. The 27 genes listed in Table 2 are considered to be involved in apoptosis and their fold changes and gene function/ontology have been depicted. Signal transduction genes and immune response genes have been described in Tables 1, 3 and 4. Affymetrix Gene chip analysis of naive WBC vs pCons-treated WBC showed 448 genes that were differentially expressed ( Figure 1 and Table 1 ). The differentially expressed genes were at least two-fold increased or decreased in their normalized expression value. Gene ontology (amiGO), shown in Figure 1c , showed distribution of more than 50% of differentially regulated WBC genes in physiological processes, with more than one-third of the genes involved in cellular processes. The other categories of genes influenced significantly, as shown by hierarchical gene clustering were development (9.18%) and unknown biological processes (3.93%). In summary, the differences in gene expression associated with pCons-induced tolerance showed effects mainly on physiological and cellular processes.
Expression of selected highly upregulated genes in different cell subsets within WBC As upregulation of gene expression was most dramatic in WBC, we determined whether a few of the highly upregulated genes (three-fold or more) were similar in different immune cell subsets, using real-time PCR on RNA from purified and isolated immune cell populations. The results are shown in Figure 2 . In tolerized (t) mice compared with naive (n) mice, phosphatidylserine synthetase-2 ( Figure 2a þ T cells and in granulocytes. These data indicate that the upregulation of some genes in WBC shown in Figure 1 and Table 1 is primarily attributable to changes in single cell subsets, and that such changes may be unique to selected immune cell subpopulations and may even be downregulated in other subsets in the same tolerized mice. (Table 3a and 
3b). Notable genes upregulated in CD4
þ T cells from tolerized mice (Table 3a) were those coding for protein kinases (Vaccinia-related kinase 2, 18-fold), Rio kinase 3 (Rio kinase 3, 3-fold), DNA binding (Bbx, 4.6-fold), signal transduction (C-type lectin domain family 2, member d (Ocil), 8-fold; Tachykinin receptor 2, 3.5-fold)) and heat-shock proteins (Hsp105, 3-fold). Tolerization of CD4 þ T cells seems to have had the effect of downregulating several genes (Table 3b) , notably genes that have a role in the regulation of transcription (Zinc finger protein 146 (Zfp146), 24.3-fold; transcription factor 12, 2.8-fold; and Zinc finger homeobox 1b, 4-fold among others), proteolysis (Elastase 3B, pancreatic, 3.7-fold; 2210010C04Rik, 3.5 fold), ubiquitin protein ligase activity (Pellino 1 (Peli1), 4.3-fold; thyroid hormone receptor Differentially expressed genes in tolerized vs naive BWF1 splenocytes were obtained after microarray analyses. Fluorescence intensity and signal to log ratios were obtained as described in the Materials and methods, and fold changes and P-values were determined. Table shows CD8 genes differentially expressed in naive vs pCons-treated mice We have long been interested in the role of CD8 þ T cells in murine lupus and in their specific role in the system of pCons-induced tolerance. 5, 7, [24] [25] [26] The analysis of CD8 þ T cells from naive vs pCons-treated mice indicated that 60 genes were differentially expressed in this cell subset ( Figure 1a ). Gene and condition clustering of CD8 þ T cells showed that large numbers of genes were downregulated in naive cells with higher expression in tolerized cells ( Figure 1a bottom two lines). CD8 þ T cells from tolerized mice had a variety of genes that were either upregulated or downregulated relative to naive cells. Upregulated genes (Table 4a ) included those that have a role in calcium ion binding and chemotaxis (S100 calcium-binding protein A8 (S100a8), 3.2-fold; S100 calcium-binding protein A9 (S100a9), 2.8-fold), the regulation of T-cell expansion (CD24a antigen, 2.5-fold), anti-apoptotic activity (Prdx2, 2.8-fold), and interferon-inducible viral activity (Viperin (Rsad2), 2.6-fold). Downregulated genes (Table 4b) include those having a role in ATPase and GTPase activity (Smc4l1, 3.7-fold; Igtp, 2.5-fold), cytoskeletal organization (LIM and SH3 protein 1 (Lasp1), 4.6 fold; Capping protein (actin filament) muscle Z-line, a-1 (Capza1), 3.0-fold; and Utrophin, 2.3-fold), and Phosphodiesterase activity (Phosphodiesterase 4B, 5.3-fold; Phosphodiesterase 7A (Pde7a), 5.3-fold).
Apoptosis-related genes
We have found earlier that both CD4 þ and CD8 þ T cells from tolerized mice are protected from apoptosis. 7 A microarray focusing on genes related to apoptosis revealed the differential regulation of 27 genes by at least two-fold in tolerized vs naive splenocytes (Table 2) . These genes encoded proteins that had either indirect or direct roles in apoptosis and had been reported to have either pro-apoptotic or anti-apoptotic functions. Twenty-six genes in the apoptosis microarray were downregulated and one, Peroxiredoxin 2, was upregulated. Of the downregulated genes, 12 (44%) were downregulated more than 3-fold.
Signal transduction genes
Genes involved in signal transduction were differentially regulated among the CD4 þ , CD8 þ and splenocyte subsets. In the splenocyte microarray (Tables 1a and b) , these genes included Tetraspanin 8 (Tm4sf3), G proteinsignaling modulator 2, Myosin Ixa, platelet-activating factor receptor, and Discoidin domain receptor family, Apoptosis-related genes were identified from microarray analyses of pCons-tolerized BWF1 mice splenocytes vs untreated naive mice splenocytes. Fluorescence intensities of arrays were analyzed using MAS 5.0 (Tukey Bi-weight) algorithms resident in Gene-Chip Operating Software (GCOS) 1.1 (Affymetrix) and normalized by global scaling to a target value of 250. Signal to log ratios were obtained and fold changes were determined. (Tables 3a and b) , the differentially expressed genes in signal transduction were Tachykinin receptor 2, Thymoma viral protooncogene 1 (Akt1), Ocil and thyroid hormone receptor interactor 12. Genes that were differentially regulated in the CD8 þ subset (Tables 4a and b) were LIM and SH3 Figure 2 (a-d) Gene expression pattern in splenocyte subsets before and after pCons treatment in BWF1 mice. Non-T cells show large differential expression of some genes after pCons treatment. Different cell subsets (CD4 þ T cells, CD8 þ T cells, B cells, NK cells, macrophages, granulocytes and dendritic cells) were isolated from saline-treated naive and pCons-treated BWF1 mice spleen by AutoMACS using specific microbeads. RNA from cell subsets, pooled from 4-5 mice in each group was isolated, measured and used for RT-PCR. 100 ng of RNA was used for real-time PCR. A separate standard curve for each gene was constructed and the relative input amount was calculated. Real-time PCR was performed with gene-specific primers and TaqMan probes. (e) RT-PCR was performed from the isolated RNA from different cell subsets (CD8, CD4, CD11b þ macrophages, CD11c þ DC, NK1.1 þ NK cells, B 220 þ B cells and Gr-1 þ granulocytes from naive and pCons-treated mice). cDNA was prepared from isolated RNA with reverse transcriptase enzyme and individual gene-specific primers were designed and used for subsequent PCR analysis. The amplified products were size-fractionated by 2% agarose gel electrophoresis. GAPDH was used as a housekeeping gene. *Po0.05, **Po0.005. protein 1 (Lasp1), phosphodiesterase 4B (Pde4b), and phosphodiesterase 7A (Pde7a).
Reproducibility
To determine the reproducibility of CD8 þ T cells genes from naive and tolerized animals, microarray analyses were performed twice. As shown in Figure 3 , excellent reproducibility of the CD8 arrays for differentially expressed genes was found.
Real-time PCR validation shows consistent upregulation of selected genes in CD8 þ T cells From the WBC arrays, we selected 10 upregulated genes that were also upregulated at least 2-fold in the CD8 þ arrays of pCons-treated vs untreated naive mice, and that could be related to specific immune functions in autoimmunity and immune tolerance. Using real-time PCR, we confirmed the upregulation of 6 of those 10 genes tested. The 10 genes studied were: interferon inducible Ifi202b, Foxp3, bcl2, bcl-2 modifying factor, muscle intestine and stomach expression 1, tumor necrosis factor receptor super family member 11b (osteoprotegerin), orosomucoid-2, transformation-related protein 53 (Trp-53), interferon a receptor IFNar1 and CCR7. Regulator of G protein signaling was chosen as a negative control, as the microarray analyses suggested that it is downregulated in CD8 þ T cells from tolerized mice. Statistically significant increased expression patterns with real-time PCR of six genes in CD8 þ T cells from tolerized mice was repeatedly found, as shown in Figure 4 . Bcl2, CCR7, Ifi202b, IFNar1, Trp53 and Foxp3 were upregulated two-to threefold as compared with cells from naive control mice. In contrast, regulator of G protein signaling was downregulated in pCons-treated cells compared with naive CD8 þ T cells (Figure 4) . The expression pattern of muscle intestine and stomach expression 1, OPG or orosomucoid-2 could not be confirmed as different from that in naive mice. Of significance was the upregulated expression of Foxp3 in tolerized CD8 þ T cells. We have shown previously that interference with the expression of this gene via siRNA abrogated 60-70% of the suppressive capacity of the CD8 þ T cells from tolerized mice.
7,24,25
Silencing of one gene (Bcl2) in CD8 þ T cells from tolerized mice does not effect expression of other selected genes known to be involved (or not) in the suppressive capacity of CD8 þ Treg in our system To test whether silencing of bcl2 in tolerized CD8 þ T cells affects expression of other genes, we silenced tolerized CD8 þ T cells with different siRNA as described in the Materials and methods section and in the figure legends. Results shown in Figure 5 illustrate that silencing of bcl2 did not significantly affect the expression of other genes studied.
Silencing of Foxp3 affects expression of other genes in addition to silenced gene/genes in tolerized CD8
þ T cells To address whether silencing of selected genes and combinations of these genes affects other genes in tolerized CD8
þ T cells, we did siRNA-silencing experiments for single genes, known to be involved in immune tolerance in our system 7, 24, 25 and for the combination of Ifi202b and IFNar1. As shown in Figure 6 , we found that silencing of the Foxp3 gene or of the Ifi202b gene both downregulated Foxp3 expression (Figure 6 panel a, compare columns b and e with column a). Silencing of Foxp3 also downregulated expression of PD-1 mRNA (Figure 6 panel b, column b) . In contrast, silencing of the p53 and CCR7 genes had no significant effect on either Foxp3 or PD-1 expression (Figure 6 panels a and b) These data suggest that there is a correlation between Figure 3 Reproducibility of CD8 arrays. Reproducibility of CD8 arrays were performed by analyzing microarray analysis twice from isolated CD8 þ T cells (pooled from five mice in each group). RNA was isolated and Affymetrix 430 2.0 chips were hybridized with RNA. The scatter plot of signal log ratios of up-and downregulated genes from the first CD8 experiments against the signal log ratios of the up-and downregulated genes from the second CD8 experiment are shown. Red, increased expression. Green, decreased expression. Both the upregulated and downregulated genes were found in both arrays indicating excellent reproducibility of the data. Silencing of interferon genes (IFI202b and IFNar1 combination) has no effect on PD1, Foxp3 and bcl2 gene expression As interferon gene signatures have been found in SLE patients, [37] [38] [39] [40] we were interested to see whether silencing/blocking of interferon genes has any affect on PD1, bcl2 and Foxp3, all of which participate in immune tolerance in our system. Silencing with an IFNar1 and IFI202b combination had no effect on PD1, Foxp3 and bcl2 expression ( Figures 6A and B, column i) . These data suggest that PD1, Foxp3 and bcl2 expression and their regulation is independent of the interferon genes tested (IFI202b and IFNar1 combination). A future detailed study will be required to understand these interactions and their biological significance.
Smads expression is increased in tolerized CD8
þ T cells Earlier we found that TGFb was significantly increased in tolerized CD8 þ T cells and was at least in part responsible for the suppression of anti-DNA Ab in our tolerance model. 7 Therefore, we examine here the possibility of changes in the expression of TGFb signaling molecules, such as Smad2, Smad3 and Smad7. We found increased expression of Smad 2 and 3 in tolerized CD8
þ T cells but these changes were not significant (Figures 7 a and b) . However, we found significantly increased expression of Smad7 in tolerized CD8 þ T cells (Figure 7c , Po0.0147). These data suggest TGFb receptor signaling through Smad 7 has an important role in CD8 þ inhibitory T cells in our tolerance model.
Discussion
The new information provided in this study of our pCons-induced model of immune tolerance includes the differential expression of genes in peripheral white blood cell subsets, the expansion of our work in CD8
þ Treg showing the importance of Foxp3 in controlling expression of genes that have a role in tolerance, and finally, initial studies of Smad expression that display the effect of TGFb in CD8 þ Tregs. We show herein that splenic WBC harvested 1 week after a tolerizing injection of pCons have altered gene expression in many cell subsets. The upregulation of genes was dramatic in whole WBC. Gene ontology and Venn diagrams indicated that although pCons treatment affected gene expression widely, only a few genes differentially expressed were common to CD4, CD8 and WBC. We also showed the reproducibility of CD8 þ T cell arrays and validated some of the selected target genes. We identified differentially expressed genes having roles in the immune response and apoptosis. With the gene silencing study, we identified the role of certain candidate genes influencing immune tolerance.
We analyzed the information from WBC scans by testing a few highly upregulated genes by real-time PCR, and found that upregulation occurred primarily in one or two cell subsets for each gene. For example, phosphatidylserine synthetase-2 and TNF inducible protein-2 were highly upregulated in CD8 þ T cells and B cells from tolerized mice, compared with CD8 þ T cells and B cells from naive mice. For some genes, downregulation occurred at the same time in other cell subsets. Thus, understanding the role each gene has in tolerance would require isolation of different cell types for functional studies, with or without gene silencing, and knock-out or knock-in strategies.
A variety of genes in the different immune subsets are differentially expressed and a few are of interest because of their possible significance in the pCons-mediated induction of tolerance. Among these genes of interest were those that have roles in apoptosis and the immune response. We performed a microarray focusing on genes related to apoptosis because previous studies have shown that peptide tolerization decreases apoptosis of CD4 þ and CD8 þ T cells in our model of autoimmunity. 7, 24, 25 The apoptosis microarray revealed the differential regulation of 27 genes by at least two-fold in tolerized vs naive splenocytes (Table 2) . Of these genes, several have been reported to have roles in immunity and autoimmunity. Of significance was apoptosis-related gene peroxiredoxin-2 whose expression was increased approximately threefold in tolerized splenocytes compared with naive splenocytes. Peroxiredoxin 2 (Prdx2) encodes for a protein that is a member of the Peroxiredoxin family of antioxidant proteins. Expression of Prdx2 has been reported to be important for the maintenance of anti-viral activity in CD8 þ T cells. 41 The knockout of Prdx2 in mice has been shown to cause an increase in T cells and dendritic cells 42 and increases in Figure 5 Silencing of one gene (Bcl2) in CD8 þ T cells from tolerized mice does not effect expression of other selected genes known to be involved (or not) in suppressive capacity of CD8 þ Treg in our system. CD8 þ T cells were isolated from pCons-treated mice 1 week after pCons tolerization using antibody-specific microbeads from AUTOMACS. Cells were pooled from 3-4 mice in each group. The cells were transfected with siRNA of Foxp3, CCR7, IFI202b, IFNar1, bcl2 (50-100 nM) or with siRNA controls (GAPDH or scrambled siRNA, 50-100 nM). The negative control scrambled sequence has random sequences with no homology to mouse, rat or human genomes. Incubation with siPORT amine served as a control for the transfection reagent. Then the transfected CD8 þ T cells (1 Â 105) were cultured for 3 days and RNA was isolated. Real-time PCR for Bcl2 was performed with isolated RNA (100 ng). tolerized CD8 ¼ tCD8. Columns: a; tCD8; b; tCD8 þ Bcl2 siRNA, c; tCD8 þ Foxp3 siRNA, d; tCD8 þ p53 siRNA, e; tCD8 þ IFNar1 siRNA, f; tCD8 þ ifi202b siRNA, g; tCD8 þ CCR7 siRNA, h; tCD8 þ GAPDH siRNA, I; tCD8 þ scrambled siRNA, j; tCD8 þ si PORT amine. cellular senescence and aging. 43 In addition, Prdx2 has been reported to have an important role in the inhibition of apoptosis in a novel pathway distinct from Bcl-2.
44,45
The increased expression of Prdx2 following treatment with pCons might shed light on the mechanism by which peptide tolerization decreases apoptosis.
The CD28 antigen is one of the molecules responsible for providing co-stimulatory signals for TCR activation and is downregulated 2.63-fold in our microarray analyses of CD8 þ T cells. There have been reports of CD28 having both pro-apoptotic 46, 47 and anti-apoptotic effects. [48] [49] [50] Studies on the aging immune system have found that the number of CD8 þ CD28 À T cells increases with age and that these cells are resistant to apoptosis, having increased bcl-2 expression and decreased caspase 3 expression. [51] [52] [53] In addition, CD8 þ CD28 À T cells have been reported to have regulatory functions; CD8 þ CD28 À T cells have been implicated in tolerance in studies of cardiac transplant recipients, 54 in decreased antibody production following immunization in elderly patients 55 and tumor susceptibility and growth in cancer patients. 56, 57 The downregulation of CD28 following tolerization might also explain the anti apoptotic effect of pCons treatment.
Both of the aforementioned genes were reported to have a role in the induction of apoptosis and were interestingly differentially expressed in the apoptosis microarray. Further study of the differential regulation of these genes might provide a mechanistic basis for reduced apoptosis in CD8 þ T cells following tolerization. In addition, a few differentially expressed genes in the microarray were shown to be involved in the immune response. The platelet-activating factor receptor is a G-protein-coupled receptor that binds the platelet-activating factor, a proinflammatory phospholipid that has an important role in inflammation and platelet aggregation. 58 Blocking of the Ptfar reduces proteinuria and increases survival in BWF1 lupus mice. 59 Furthermore, the use of antagonists against Ptfar reduces chronic arthritis in CIA mice 60 and has an anti-inflammatory effect in the treatment of patients with rheumatoid arthritis. 61 Platelet-activating factor receptor was downregulated 9.2-fold (Table 1b) in splenocytes, indicating that a possible method of disease attenuation after treatment is the downregulation of genes involved in the immune response. C-type lectin domain family 2, member D (Ocil, also Clec2d, LLT1) encodes for a protein that is a lectin superfamily member and a ligand for the CD161 receptor. 62 Ocil expressed on target cells is able to inhibit NK-mediated cytotoxicity and IFN-ã production by binding to CD161, but Ocil/CD161 interaction along with TCR stimulation increased IFN-ã production in T cells. 62, 63 Ocil was upregulated 8.0-fold (Table 3a) in the CD4 þ T cell subset, indicating that cytotoxic NK cell activity in pCons-tolerized mice is being suppressed.
One group recently reported microarray studies in BWF1 mice treated with the tolerogenic peptide hCDR1 (GYYWSWIRQPPGKGEEWIG) that derives from the Ig of a human anti-DNA antibody. 64 pConsensus, an artificial peptide based on sequences in the Ig of murine anti-DNA (FIEWNKLRFRQGLEW), is a 15-mer with similarity in numbers of positive or negatively charged amino acids and in some amino acid sequences. A study by Mozes' group 64 and the study reported here have Figure 6 Silencing of Foxp3 affects expression of other genes in addition to the silenced gene in tolerized CD8 þ T cells; silencing of interferon genes (IFI202b and IFNar1 combination) has no effect on PD1, Foxp3 and bcl2 gene expression. CD8
þ T cells were isolated from pCons-treated mice after 1 week of pCons tolerization using antibody-specific microbeads from AutoMACS. Cells were pooled from 3 to 4 mice in each group. Isolated CD8 þ T cells from pCons-tolerized mice were transfected with siRNA of Foxp3, PD1, CCR7, IFI202b, IFNar1 and bcl2 (50-100 nM) alone and in combinations, and with controls (GAPDH-50-100 nM), as indicated on the x axis. Real-time PCR was performed with isolated RNA (100 ng). House keeping gene GAPDH-positive siRNA and scrambled-negative siRNA were used as controls. Another control, the transfectant siPORT amine by itself, was also used. The negative control scrambled sequence has random sequences with no homology to mouse, rat or human genomes. quite different designs, which is likely to explain why the genes with differential expression are not the same in the two studies. Mozes and co-workers isolated RNA from splenic whole WBC of young BWF1, diseased older BWF1 and diseased older BWF1 mice treated for 10 weeks subcutaneously with hCDR1. 64 Their main objective in screening 22 000 genes was to compare the ability of peptide therapy to regulate the genes overexpressed or underexpressed in diseased older mice back toward normal (that is, compared with young mice). In contrast, our design consisted of one high dose i.v. injection of pCons in young healthy BWF1 mice followed by the harvesting of spleen cells 1 week later (a time at which the generation of CD4 þ and CD8 þ regulatory T cells is robust). 7, 24, 25 Recent evidence indicated that defective CD8 þ T-cellsuppressive function is a feature of both murine and human SLE. 1,4,5 As BWF1 mice age, their CD8 þ T cells become defective, in that they are deleted rather than activated in response to activating signals. 5 However, in BWF1 mice treated with pCons, some CD8 þ T cells become Foxp3 þ inhibitory cells secreting TGFb; they downregulate autoantibody production and delay the onset of nephritis. 7, 24, 25 In addition, they suppress the onset of disease when adoptively transferred to syngeneic BWF1 females. 7 Therefore, we focused most of our effort on applying microarray data to further understand the molecular basis of the suppressive capacity of CD8 þ T cells from tolerized animals. Our data suggest that some of the differential gene expression identified in CD8 þ T cells from tolerized mice participate in this change. We also found changes in the TGFb-signaling molecule Smad 7, which increased in tolerized CD8 þ regulatory T cells. 65, 66 Two independent analyses of the same RNA showed excellent reproducibility (Figure 3 ). An increased expression pattern (more than two-fold) was found for six genes in CD8 þ T cells from tolerized mice using real time PCR (Ifi202b, bcl2, Trp-53, IFNaR1, CCR7 and Foxp3).
Previously, 7, 24, 25 we showed that silencing of Foxp3 in CD8 þ T cells from tolerized mice abrogated on average 70-80% of the suppressive capacity of those cells. In contrast, silencing of Trp53 or CCR7 did not alter the ability of those cells from tolerized mice to suppress in vitro IgG anti-DNA production by B cells cultured with helper CD4 þ T cells from unmanipulated mice. In this study, we show that both Ifi202b and Foxp3 silencing affect other genes also. Our data are in agreement with others who have suggested that silencing a single gene with targeted siRNA or shRNA can influence multiple additional genes in a culture system. 67, 68 In conclusion, we have identified differentially expressed genes in WBC, CD4, CD8 and other immune cell subsets following anti-DNA Ig peptide tolerance in BWF1 mice. We showed the reproducibility of the CD8 þ T cells arrays. We verified the expression pattern of selected candidate genes including interferon-inducible genes that have important roles in autoimmunity. With siRNA gene-silencing studies, we showed that silencing with siRNA for Foxp3 or Ifi202b affects expression of other genes involved in the suppressive capacity of CD8 þ Treg induced in our system of immune tolerance. These studies show the potential for future therapeutic þ T cells. CD8 þ T cells were isolated from BWF1 mice splenocytes treated with negative control peptide (p58) or pCons. After 1 week, cells were isolated from splenocytes by AUTOMACS and RNA isolated. Real-time PCR was performed for Smad 2, Smad3 and Smad7 with specific primers and probes from Applied Biosystem. 100 ng of RNA was used. Data were normalized with GAPDH. *Po0.05 was considered significant.
interventions and modulation of immune responses in an autoimmune model involving certain candidate genes.
Materials and methods
d/z ) mice were purchased from The Jackson Laboratories (Bar Harbor, ME, USA) or bred and taken care of at the University of California Los Angeles (UCLA). All mice were treated in accordance with the guidelines of the University of California Los Angeles Animal Research Committee, an Institution accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Mice were housed in pathogenfree conditions. Female mice were used for all experiments.
Peptides
The peptides used in this study, their sources, and the MHC molecules they bind are described in detail elsewhere.
7 pCons (FIEWNKLRFRQGLEW), the artificial tolerizing peptide, contains T-cell determinants based on the J558 V H regions of several murine mAb anti-dsDNA from BWF1 mice. 27, 69, 70 Peptides were synthesized at Chiron Biochemicals (San Diego, CA, USA), purified to a single peak on high-performance liquid chromatography, and analyzed by mass spectroscopy for expected amino acid content.
Treatment of mice
Ten-to twelve-week-old BWF1 mice received a single i.v. dose of 1 mg of one of the peptides, dissolved in saline, as reported previously 26 for tolerance induction.
Cell isolation and staining
Spleen cells were isolated 1 week after administration of the pCons peptide from tolerized, saline-treated or naive BWF1 mice. ACK lysing buffer (Sigma, St Louis, MO, USA) was used to lyse red blood cells. Cell subsets were enriched for following incubation with anti-CD4, anti-B, anti-CD8, anti NK1.1, anti-Mac-3, anti-CD11C or anti-Gr-1 microbeads from Miltenyi Biotech (Auburn, CA, USA).
Microarray sample preparation and Gene-chip hybridization Total RNA was isolated from different cell subsets (obtained from pooled splenocytes of 4-5 mice in each treatment group) with the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and the quality of isolated RNA assessed by Agilent Bioanalyzer 2100 (Agilent Technologies, Foster City, CA, USA). Briefly, in vitro two-cycle amplification was performed to prepare biotinylated antisense cRNA using target labeling and a control reagent kit according to Affymetrix protocol. Biotinylated cRNA (10-15 mg) was fragmented and hybridized to Affymetrix Gene Chip array 430 2.0 (Affymetrix, Santa Clara, CA, USA) containing -45 000 murine genes. The hybridized arrays were scanned with a GCS 3000 high-resolution confocal laser scanner (Affymetrix). The reproducibility of the array was confirmed in two replicate experiments.
Microarray data analysis
Fluorescence intensities of arrays were analyzed using MAS 5.0 (Tukey Bi-weight) algorithms resident in GeneChip Operating Software (GCOS) 1.1 (Affymetrix) and normalized by global scaling to a target value of 250. Classification of differentially expressed genes required a minimum 2-fold change in normalized expression values between the naive and pCons-tolerized groups, a MAS 5.0 detection call of 'present' (P) in at least one sample, and a MAS 5.0 change call of 'Increase' (I) or 'Decrease' (D). Gene Spring 6.0 (Silicon Genetics, Santa Clara, CA, USA) and GeneSifter.net (visXlabs, Seattle, WA, USA) were used for gene ontology and pathway analysis, conditional clustering and boolean operations (Venn Diagrams). Microarray data has been deposited to the NCBI Gene Expression Ominbus (GEO) with accession number GSE13364 (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc ¼ GSE13364).
Real-time PCR
Real time PCR was analyzed as described earlier. 7, 24 Briefly, total cellular RNA was isolated from purified cell subsets or total splenocytes from saline-treated or pConstolerized BWF1 mice with TRIzol (Invitrogen, Carlsbad, CA, USA) as per manufacturer's protocol. Each experimental group consists of the pooled spleen cells of 3-4 mice from each group. 100 ng of total RNA was used with one-step RT-PCR reagents (Applied Biosystems, Foster City, CA, USA). The oligonucleotide sequences used for the primers and TaqMan probes are described in Table 5 . GAPDH was used as an endogenous control in each experimental set. Mm.34407 CTGACGCGGGAAGTGGAT TGGCGGACTTGATGAAGATG Table 5 indicates unigene ID, primers and probe sequences used in the article.
Anti-DNA Ig-induced gene signature in SLE RP Singh et al siRNA transfection CD8 þ T cells isolated as described above were plated and cultured in complete medium containing 10% FCS for 24 h in 12-24 well plates. Silencer siRNA Transfection Kit from Ambion (Austin, TX, USA) was used for transfection. OptiMEM reduced serum medium (Gibco/ Invitrogen, Carlsbad, CA, USA) was used to dilute the siPORT amine. Validated siRNA of IFI202b, Bcl2, CCR7, PD1, IFNar1 and GAPDH as well as positive and negative siRNA controls were obtained from Ambion. The transfection agent (siPORT amine) alone served as another control. siRNA of IFI202b, IFNar1, CCR7, PD1, Bcl2 (50-100 nM), GAPDH (50-100 nM) or controls was mixed with the agent in serum-free medium and detailed siRNA transfection was performed as described earlier. 7, 24, 25 Statistical analyses Statistical analyses were executed using Prism 4 software (GraphPad, San Diego, CA, USA). Paired t-test, twosample t-tests or the Mann-Whitney U-test were used for comparisons between groups. Comparisons between more than two groups were carried out by analysis of variance followed by Tukey's test for comparison of individual groups. P-values less than 0.05 were considered significant. All tests were two-sided.
